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Abstract 
Drilling fluid is of one of the most important elements of any drilling operation, and 
through ever advancing technologies for deep water and extended reach drillings, 
enhancement of drilling fluids properties for such harsh conditions need to be 
investigated. Currently oil based fluids are used in these types of advanced drilling 
operations, as their performance at high pressure and high temperature conditions, and 
deviated wells are superior compared to water based fluids. However, the high costs 
associated with using them, and environmental concerns of such oil base fluids are 
drawbacks of them at the moment.  In this study, we tried to find a solution for such issues 
through investigation on the potential application of a new nano-enhanced water base 
fluid for advanced drilling operations. We analysed the performance of water base drilling 
fluids that were formulated with two type of nanomaterials (aluminium oxide and silica) 
at both high and low pressure and temperature conditions (high: up to 120 oC and 500 psi, 
low: 23 oC and 14.7 psi).  The results were compared with a base case drilling fluid with 
no nanomaterial, and they showed that there is an optimum concentration for aluminium 
oxide nanoparticles that can be used to improve the rheological and filtration properties 
of drilling fluids. These results demonstrated that nano-enhanced drilling fluids have an 
improved thermal stability at heightened temperatures and can withstand the harsh 
conditions in advanced drilling operations while they impose a lower environmental 
impact and capital costs. 
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Introduction 
Offshore exploration drilling and appraisal wells are among the highest capital costs at as 
high as 60% in the development of an oil field [1]. The costs and depth of drilling based 
on API data show that with increasing depth, the cost of drilling increases exponentially 
[2]. Thus a drilling fluid that provides good stability in bottom hole conditions and 
reduces non-productive time is one of the requirements to keep the costs down [3]. In 
recent years, the focus of oil and gas companies has shifted towards deeper and arctic 
reservoirs which can typically reach extreme temperatures [4-6], therefore, the industry 
needs to come up with viable solutions to keep drilling costs down.   
Although the use of oil based fluids (OBF) showed superior performance to water based 
fluids (WBF), it can lead to high costs, especially in ultra-deep drilling operations, in 
addition to the waste management challenges compared to water based fluids [4-6, 7, 8]. 
OBFs superior performance includes improved rheology and reduced friction factor that 
creates less wear on the drill string and a lower chance of stuck pipe [4,5]. In order to 
have a WBF which provides similar levels of properties (with lower toxicity), we would 
require additives such as nanomaterials [8,9]. 
Nanotechnology is a relatively new technology which has been gaining advancements in 
different areas such as civil and material engineering [10], and within the oil and gas 
industry over the past decade [11, 12, 13]. The concept of nanotechnology within oil and 
gas has shown a significant momentum in exploring deep-water drilling and ultra-deep 
formations [4, 5].   
Nanoparticles (NPs) are defined as particles with the size between 1-100 nm and 
characteristically have a large surface area to volume ratio compared to micro sized 
particles, hence behave in a different physical nature, such as their heat transfer 
properties, than larger particles [10]. The potential benefit of adding nanomaterials to 
drilling fluids is to increase wellbore stability and drilling efficiency [14-16], which 
reduces drilling costs. This is achieved through reduced filtration of drilling fluids 
(reduced filter cake thickness) which can prevent differential sticking [17], improved 
rheological properties that affects the transport of cuttings to the surface [5-6, 13], reduced 
friction and hence lower torque and drag on the drill pipes, and reduced wear during 
horizontal and directional drilling operations [17]. Furthermore, nanoparticles can 
improve heat transfer properties of drilling fluids which will reduce thermal degradation 
of downhole equipment [18-23]. Lower drilling costs through the use of nanoparticles 
[24] instead of expensive additives would then allow drilling operations to become 
economically viable. 
There are several studies on the application of silica nanoparticles to improve rheological 
properties of drilling fluids [12, 14-16, 25]; mud filtrate reduction [9], friction reduction 
[16] and shale inhibitions [8, 12], where most of them have been performed at low 
pressure/low temperature conditions [14-18]. However, the effect of metal oxide 
nanoparticles such as copper, iron, zinc and aluminium oxides on mud properties are still 
relatively unknown and needs further investigations specially at high pressure and 
temperature conditions. 
Mahmoud et al. in 2016 showed that as the concentration of silica NPs increased, an 
increase in porosity and permeability of the filter cake occurred due to an increase in 
agglomeration, whereas an iron based NPs showed a significant reduction in filtrate 
volume (43%) for NPs concentration of 0.5 wt% [26] . It was reported that at heightened 
conditions, iron NPs stabilise the viscosity and yield stress of water based fluids up to 93 
°C, and minor changes to the fluids rheological properties were observed at 177 °C, after 
aging the samples for 16 hours. They also showed that filtration properties can be 
improved with the addition of iron NPs at HPHT (High Pressure High Temperature) 
conditions, and the optimum NPs concentration was 0.5 wt% with the lowest filtrate 
volume. 
Aluminium oxide NPs have shown exceptional cooling properties in nanofluids [27], 
however, very little research has been conducted in determining their applications to 
drilling fluids. The study conducted by Anyanwu and Unubi in 2016, mainly focused on 
different particle size distrbutions of aluminium oxide NPs, and the results were 
monitored for NPNT (Normal Pressure Normal Temperature) filtration test with NPs 
concentration of 2 wt% [28]. Based on their analysis they found that the addition of 
aluminium oxide greatly reduces fluid loss leading less formation damage, and the 
filtration volume is dependent on the particle size distribution of the drilling fluid. 
Furthermore, in another study, Amarfio and Abdulkadir investigated the thermal stability 
of water based fluids with added aluminium oxide NPs, with no focus on the filtration 
properties [29]. They found that at higher temperatures, addition of aluminium oxide NPs 
could maintain the shear stress of the fluid. These studies showed that aluminium oxide 
NPs have potentials to improve physiochemical properties of drilling fluids, however, 
their rheological behaviour and filtration properties at high temperature conditions have 
not been explored. 
The aluminium oxide due to its high thermal conductivity can dissipate heat efficiently 
from fluid through Brownian motion. Therefore, fluid is less affected by the temperature 
increase, and it keeps its fluid form rather than degrading into a solid, and as a result the 
shear stress profile stays low when increasing the temperature from 20 up to 80 oC. This 
also helps fluid through dynamic ageing to keep its form with a lower changes in shear 
stress profile compared to the base sample and the sample with silica NPs, which might 
be explained through the theory of Brownian motion [19] 
Several studies have been also performed in the past to confirm that nanofluids have 
higher thermal conductivities as compared to the base fluids. Liu et al. [20] obtained 
12.4% thermal conductivity enhancement when ethylene glycol was dispersed with 1 
vol% Carbone Nanotube (CNT). Ding et al. [21] obtained as much as 80% enhancement 
with only 1 wt% of CNT dispersed in water. Farbod et al. [22] yielded approximately 
15% enhancement when 0.5 vol% CNT was added into water. The wide variation in 
thermal conductivity enhancement of CNT nanofluids can be attributed to several factors 
such as Brownian motion, nanolayer formation, nanoparticle clustering, size and volume 
fraction of nanoparticles [23-24]. 
Silica nanoparticles as an industry standard nanoparticle have been reported in the 
previous literatures as a viscosity modifier, filtration loss controller, friction reducer and 
shale inhibitor [12, 14-16, 25]. The silica nanoparticles are also chemically inert and do 
not react with the reservoir rock and fluid to alter their chemical properties which make 
them more popular for oil and gas industry. In this paper, we used silica nanoparticles as 
a benchmark and compared the results with aluminium oxide nanoparticles. 
In this study we evaluated the apparent viscosity (AV), plastic viscosity (PV), yield point 
(YP), gel strength after 10 seconds and 10 minutes (Gel 10s, Gel 10min), and filtration 
properties of water based fluids (WBFs) with added aluminium oxide NPs at both low 
and high temperature conditions as standard practice of drilling fluids characterisations. 
The results provide us with an understanding of the feasibility of using the modified water 
based fluids in high temperature and ultra-deep formations.   
The rheology of drilling fluids ideally exhibit shear thinning behaviour, to create less 
resistance at high shear rates. At low shear rates, (for instance when mud circulation has 
stopped) the viscosity should be high enough to prevent transported cuttings falling back 
down the wellbore under the influence of Stokes’ Law. The ideal model the drilling fluid 
follows is the Herschel-Buckley model [30], as shown by Equation 1. 
𝜏 = 𝜏0 + 𝐾𝛾
𝑛 (1) 
Where τ is the shear stress (lb/100 ft2), τ0 is the yield point (lb/100 ft2), K is the consistency 
index, γ is the shear rate (s-1) and n is the flow behaviour index (dimensionless) which 
should be less than 1 for shear thinning fluids. 
Apparent viscosity (AV); is defined as the ratio of stress to rate of strain of a liquid, plastic 
viscosity (PV); is the resistance to the flow of a fluid, yield point (YP); is the shear stress 
at zero shear strain, and gel strength at 10-seconds (Gel10s) and 10-minutes (Gel10min) 
are shear stress measured at low shear rate after the fluid remains quiescent for a certain 
period of time (10 seconds and 10 minutes based on the standard API; American 
Petroleum Institute, procedure), through these measurements we can evaluate fluids 
ability to act like a gel and suspend cuttings and weighting materials when circulation is 
ceased.  
Methodology 
Apparent viscosity (AV), plastic viscosity (PV) and yield point (YP), gel strength 
(Gel10s,Gel10min) and filtration properties of a water base fluid at both NPNT (23 oC 
and 14.7 psi) and HPHT (up to 120 oC and 500 psi) conditions were measured, thereafter 
we proposed the improvement that we can achieve through nanofluids. Therefore, a water 
based drilling fluid with added aluminium oxide NPs will be compared against a base 
sample with no NPs, and comparisons of fluids with aluminium oxide NPs and the 
samples with silica NPs with the same concentrations will be presented. In addition, shear 
stress versus shear rate was evaluated. Filtration test was performed based on the standard 
API filter press test. 
Furthermore, the nano-enhanced WBF properties were determined at heightened 
temperatures to assess the feasibility of using them in ultra-deep formations. Analysis of 
the rheology of the samples were performed at 50 oC and 80 oC to determine the stability 
of nanofluids across a range of temperatures. HPHT filtration test was conducted at 120 
oC and 500 psi for 30-minutes. For three samples of base WBF, and samples containing 
0.2 wt% of silica and aluminium oxide NPs, rheology and HPHT filtration test were also 
measured after being dynamically aged for 16 hours at 120 oC and 100 psi. This can be 
used to emulate downhole conditions by constantly rolling for a large period of time to 
determine how the prolonged exposure to heat can alter the fluid properties which has 
been recommended by previous studies [15, 26, and 31].  
Materials 
Drilling fluid samples were prepared based on the typical formulation currently used in 
drilling operations. Table 1 shows the WBF formulation with concentrations of silica and 
aluminium oxide NPs (supplied from Sigma-Aldrich) with concentrations ranging from 
0.1 wt% up to 1 wt%. The rest of mud components were provided by M-I Swaco 
Company. 
Table 1. List of materials and properties used to make the water based drilling fluids. 
Material Mass/Conc.  Chemical 
Formula 
Particle size pH Purpose 
Water 350 ml H2O N/A 
6.5-
7.5 
Continuous 
phase 
Bentonite 22.5 g Al2O3.4SiO2.H
2O 
1-100 µm 8-10 Viscosifier 
Barite 20.3 g BaSO4 3-74 µm 7-8 
Weighting 
agent 
Polyanionic 
cellulose   
0.5 g C23H28N4O2 1-100 µm 7-8 
Filtration 
control  
Silica NPs 0.1, 0.2, 0.5, 1 wt% SiO2 12 nm 4.2 
Viscosifer/ 
filtration 
control 
Aluminium 
oxide NPs 
0.1, 0.2, 0.5, 1 wt% Al2O3 <50 nm 4.5 
The base sample of the drilling fluid was prepared by adding 350 ml of distilled water 
with 22.5 g of Wyoming bentonite which is a typical ratio for water based drilling fluids. 
To increase the density of fluid up to 9 pounds per gallon (ppg), 20.3 g of barite was used, 
and 0.5 g of Polyanionic Cellulose (PAC) and Xanthan Gum (XG) were added as filtration 
control additive and rheology stabiliser respectively. 
Aluminium oxide NPs have relatively high thermal conductivity, around 30 Wm−1K−1, 
and surface area of 40 m2/g compared to silica NPs which have thermal conductivity of 
1.4 Wm−1K−1 and surface area of 175-225 m2/g. Figure 1 shows the Scanning Electron 
Microscope (SEM) images of silica and aluminium oxide NPs. It can be seen that silica 
NPs have a much more powdery texture with few agglomerates whereas majority of the 
aluminium oxide NPs have agglomerated into small balls. 
 Figure 1: (a) SEM image of silica NPs, (b) SEM image of aluminium oxide NPs 
Experimental equipment 
The rheology of the samples were tested through using an OFITE- 800 viscometer at 
NPNT conditions, and a Fann 35SA viscometer to measure them at heightened 
temperatures. The filtration properties at NPNT were measured by an OFITE filter press 
equipment, and at HPHT conditions a Fann HPHT 175 ml filter press was used. Filter 
paper used for filtration tests have a particle size retention range of 2-5 µm. Please see 
supplementary material for more details about the equipment. 
 
Experimental procedure 
In sample preparation procedure, 15 minutes was set for stirring and mixing after adding 
each component (water, bentonite, barite). To improve the rheological properties of water 
based fluids typically xanthan gum and Polyanionic Cellulose will be added, we used 0.5g 
of each in our base sample. Then modified samples with addition of NPs were prepared 
and their rheological (AV, PV, YP, Gel10s, and Gel10min), and filtration properties were 
tested. Thereafter, the hot rolling of three samples, a base sample and two samples 
containing different NPs, was performed. All the samples were left to age for 16 hours 
before testing has begun. Figure 2 shows the steps were taken to analyse the properties of 
drilling fluids in this study. 
 
 
(a) (b) 
20 nm 50 nm 
 Figure 2: Flowchart of the experimental procedure 
To determine the apparent viscosity (AV), plastic viscosity (PV) and yield point (YP), 
the following equations are used. Viscosities are reported in centipoise, and, the yield 
point and gel strength are in lbf/100ft2 unless otherwise stated. 
𝐴𝑉 = 𝑅𝑃𝑀600/2  (2) 
𝑃𝑉 = 𝑅𝑃𝑀600 − 𝑅𝑃𝑀300  (3) 
𝑌𝑃 = 𝑅𝑃𝑀300 − 𝑃𝑉  (4) 
AV is calculated from the shear stress when the shear rate, measured at 600 revolutions 
per minute (RPM600), and PV is calculated from the shear stresses at 600 revolutions per 
minute (RPM600) and 300 revolutions per minute (RPM300).  Finally, YP is calculated from 
the shear stress at 300 revolutions per minute (RPM300) and the calculated value for PV.  
For the HPHT filtration tests, the filter press area is one half of the normal filter press 
equipment used for NPNT conditions, therefore, the HPHT filtrate volume needs to be 
doubled for comparison purposes as recommended by API standards. 
Each experiment was repeated three times and their average value is reported. Standard 
deviation of one set of each experiment is calculated and added as error bars for NPNT 
tests. 
The coding for the samples are shown in Table 2. There are a total of 9 formulations, one 
base sample, and four samples with different concentrations of nanoparticles ranging 
from 0.1 to 1 wt%.  
Start of the experiment 
Prepare 
preliminary 
samples 
Rheology 
tests at low 
temperature 
Filtration 
Tests at 
NPNT 
Consistent 
Results? 
Yes 
N
o 
Prepare final 
formulations 
Rheology 
tests at low 
temperature 
Filtration 
Tests at 
NPNT 
Rheology 
tests at high 
temperature 
Filtration 
Tests at 
HPHT 
Hot roll 3 
samples 
Rheology 
tests at low 
temperature 
Filtration 
Tests at 
HPHT 
End of the 
experiment 
Table 2:  The codings for samples with two different NPs and their concentrations in 
weight percent 
wt% of NPs 0.00 0.10 0.20 0.50 1.00 
Silica BP S2P S3P S4P S5P 
Aluminium oxide BP A2P A3P A4P A5P 
Results and discussion 
The results of the experiments were divided into two main parts. First part presents 
apparent viscosity (AV), plastic viscosity (PV), yield point (YP), and gel strength 
(Gel10s, Gel10min), and filtration properties of a WBF in the presence of NPs that were 
conducted at NPNT conditions. In the next part, analysis of the WBF enhanced by NPs 
at HPHT conditions were discussed. In this part the same rheological properties at 
elevated temperatures, HPHT filtration, and properties before and after hot rolling were 
investigated. Density remained at 9 ± 0.1 ppg and pH at 8.5 ± 0.5 throughout the 
experiments. 
Rheological and filtration properties of a WBF (Nanofluid) at NPNT conditions 
In this section, the rheological and filtration properties of the nanofluid at NPNT 
conditions were presented.  
Figure 3 shows shear stress against shear rate of the base drilling fluid without 
nanoparticles at 23 oC and 14.7 psi. As it can be seen from the figure, shear stress was 
increased with the shear rate with a shear thinning behaviour. 
 
Figure 3: Shear stress against shear rate of the base fluid without nanoparticles at 23 oC 
and 14.7 psi (NPNT conditions) 
Figure 4 shows shear stress against shear rate for different WBFs tested in this study. It 
can be seen that the addition of NPs in any concentration reduces the magnitude of shear 
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stress. Aluminium oxide NPs with concentrations more than 0.2 wt% show a significant 
reduction in shear stress, whereas the samples with silica NPs have a steady reduction of 
shear stress with increasing NPs concentration. 
 
Figure 4: Shear stress against shear rate at NPNT conditions 
Furthermore, analysis of the apparent viscosity (AV), plastic viscosity (PV), yield point 
(YP), and gel strength (Gel10s, Gel10min) as shown in Figure 5, demonstrates the 
addition of silica NPs produces the lowest AV, PV and gel strengths for the sample with 
the concentration of 0.2 wt%. The samples with aluminium oxide NPs show a decreasing 
trend for the same properties with increasing NPs concentration up to concentrations 
between 0.2 and 0.5 wt%, and again starts to rise slightly at the higher concentrations. 
 
Figure 5: Rheological properties of enhanced WBF with (a) silica NPs (b) aluminium 
oxide NPs, at 23 oC and 14.7 psi (AV [cp], PV [cp], YP[lbf/100ft2], Gel10s [lbf/100ft2], 
Gel10min[lbf/100ft2])  
The NPNT filtration test was conducted for seven cases, a base sample, three samples 
with different concentrations of silica NPs, and the same concentrations with aluminium 
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oxide NPs. As shown in Figure 6, the filtrate volume did not increase significantly with 
NPs concentration of 0.1 wt%, where the filtrate volume remains approximately 6 ml ± 
0.5 ml. For NPs concentration of 0.5 wt% of either aluminium oxide or silica, a large 
increase in filtrate volume was observed. 
 
Figure 6: filtrate volume at 7.5-minute and 30-minute 
Ideally, Figure 7 shows the theory behind adding NPs into drilling fluids to reduce filtrate 
volume. Hydrostatic pressure, forces the NPs into the small pores and effectively plugs 
them. This reduces pore space and permeability of the filter cake which in turn will reduce 
filtrate volume. However, the filteration results of this study indicate that such plugging 
process has not been happened. This is possibly due to poor dispersion of NPs inside the 
WBF, as samples were left for 16 hours for aging, therefore gravitational separation 
allows the NPs to form agglomerates which then act as much larger particles. 
 
Figure 7: Ideal filter cake NPs starting to push into the filter cake (Left), NPs penetrating 
filter cakes(Right), closing pores and hence reducing porosity and permeability. 
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Rheological and fluid loss properties of a WBF at HPHT condition  
The tests at HPHT conditions were conducted to simulate realistic downhole conditions 
and to improve our understanding of how the drilling fluid will perform in practice. The 
rheology tests of the samples were conducted at 50 and 80 oC. Above 80 oC the basic 
WBF would breakdown and the rheology tests cannot be performed without additional 
pressure, otherwise water would evaporate from the fluid samples. HPHT filtration was 
conducted at 120 oC and 500 psi based on the standard API procedure. Furthermore, 
rheology and filtration properties of three samples were assessed before and after hot 
rolling for 16 hours at 120 oC and 100 psi. This scenario can give the most realistic 
evaluation of the drilling fluids performance.  
Figure 8 shows shear stress against shear rate at temperatures of 20, 50 and 80 oC for all 
the samples. BP and A2P samples all were broken down at temperatures of 50 and 80 oC, 
therefore they were not included. It can be seen from Figure 8 that, all the samples 
produced clear shear thinning behaviours. The samples with 0.2 wt% and above showed 
little degradation from 50-80 oC. The samples with aluminium oxide NPs produced a 
lower rheology profile compared to the samples with silica NPs which is consistent with 
the results obtained at NPNT conditions. 
 
Figure 8: Shear stress against shear rate at elevated temperatures for WBF enhanced 
with (a) silica NPs (b) aluminium oxide NPs. (BP and A2P samples omitted due to 
breaking down before 80 oC) 
Figure 9 shows the apparent viscosity (AV), plastic viscosity (PV), yield point (YP), and 
gel strength (Gel10s, Gel10min) properties of nanofluids at the elevated temperatures. 
Base sample, BP, displayed high values for rheological properties at 50 oC compared to 
the samples with nanoparticles. The gel strength is reduced at 50 and 80 oC by the addition 
of silica NPs and it levels out at higher concentrations of NPs, whereas, the samples with 
aluminium oxide NPs with concentrations of 0.2 wt% and above, showed that their 
rheological properties decrease and then start to rise again as the concentration increases 
at 50 oC, and this behaviour was observed around 0.5 wt% at 80 oC. The gel strength at 
10-minutes significantly decreases for the samples containing aluminium oxide NPs at 80 
oC compared to silica NPs. 
 
Figure 9: Rheology readings and properties at elevated temperatures of NP enhanced 
WBF with (a) silica NPs at 50 oC (b) silica NPs at 80 oC (c) aluminium oxide NPs at 50 
oC (d) aluminium oxide NPs at 80 oC, (AV [cp], PV [cp], YP[lbf/100ft2], Gel10s 
[lbf/100ft2], Gel10min[lbf/100ft2]) 
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Figure 10 shows the percentage of decrease in the apparent viscosity (AV), plastic 
viscosity (PV), yield point (YP), and gel strength (Gel10s, Gel10min). For the change in 
temperature from ambient temperature up to 50 oC, rheological properties for both types 
of samples with aluminium oxide and silica NPs, decreased by 15-35%. Gel strength for 
all samples with silica decreased, however, for the samples with aluminium oxide NPs, it 
showed a various behaviour but all within 20% of changes.  
For the change in temperature from 50 to 80 oC, samples with silica and aluminium oxide 
NPs demonstrated no significant differences between the two types of NPs. Both types of 
NPs show a decrease in viscosity with increase in the concentration. Yield point stays 
almost constant as all the samples show either an increase or little difference from the 
values measured at 50 oC. Gel strength of all samples at 10 seconds and 10 minutes, show 
that they are increased, and the samples containing aluminium oxide NPs have a 
significantly larger increase. 
 
-30
-20
-10
0
10
20
30
40
BP A2P A3P A4P A5P%
 d
ec
re
as
e
(c) up to 50 oC
AV PV YP Gel10s Gel10min
-80
-60
-40
-20
0
20
40
S2P S3P S4P S5P
%
 d
ec
re
as
e
(b) 50 oC up to 80 oC
AV PV YP Gel10s Gel10min
0
10
20
30
40
BP S2P S3P S4P S5P
%
 d
ec
re
as
e
(a) up to 50 oC
AV PV YP Gel10s Gel10min
-140
-120
-100
-80
-60
-40
-20
0
20
40
A3P A4P A5P
%
 d
ec
re
as
e
(d) 50 oC up to 80 oC
AV PV YP Gel10s Gel10min
Figure 10: Percentage decrease in rheology properties (a) silica NPs up to 50 oC (b) 
silica NPs from 50 oC up to 80 oC (c) aluminium oxide NPs up to 50 oC (d) aluminium 
oxide NPs from 50 oC up to 80 oC 
 
The HPHT filtration results are presented in Figure 11 for both samples with silica, and 
aluminium oxide NPs. The samples with silica NPs showed a general consistent 
decreasing trend with increase in the NPs concentration up to 1.0 wt%, thereafter the 
filtrate volume increases significantly as the filtration experiment did not create a solid, 
dense filter cake suggesting there is high permeability and porosity filter cake allowing 
fluid to flow through.  
The samples with aluminium oxide NPs, show that the filtrate volume increases with 
increasing concentration of NPs. The largest increase in filtrate volume is for samples 
with NPs concentrations between 0 to 0.1 wt%, then subsequently the rate of increase in 
filtrate volume reduces, thus indicating the filter cake may approach to the saturation limit 
of holding the aluminium oxide NPs. 
 
 
Figure 11: HPHT 30-minute filtrate at 120 oC/ 500 psi for different concentration of 
NPs (a) silica (b) aluminium oxide (Al2O3) 
Figure 12 shows that the colour of the filtrate of silica NPs is white (milky) which is 
similar in colour to the aluminium oxide NPs dispersion in deionised water suggesting 
both types of NPs have flowed through the filter paper, while it was noted that the filtrate 
of the base sample was clear. Other mud ingredients have particle sizes ranging between 
1 to 100 µm, and the particle size retention range for the filter paper is 2-5 µm, hence 
particles of bentonite, barite and PAC may not penetrate through the filter paper, and the 
filtrate is getting its colour from the NPs. Having a small particle sizes range between 1-
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100 µm and a simple fluid formulation with few additives is likely causing a poor 
compaction of the filter cake allowing for the NPs to easily flow through the filter cake 
and then through the filter paper as the size of NPs are 12 nm for silica, and <50 nm for 
aluminium oxide. 
 
Figure 12: Image of filtrate of S5P sample (Left), A5P sample (Right) after filtration test. 
S5P sample is shown in the glass container to show difference in colour between sample 
and its filtrate 
A typical particle size distribution of a drilling fluid is shown in Figure 13 [32]. It displays 
that particle size distribution in drilling fluids typically ranges from 0.001 mm up to 1 
mm which was confirmed by several other studies [33-35], whereas the particle size 
distribution of the drilling fluid used in this study was between 0.001 mm and 0.1 mm 
before the addition of NPs. If the fluid formulation is more complex with a wider range 
of particle size distribution including a rise in particle size less than 0.001 mm, and larger 
NPs with particle size distribution around 10-100 nm, this would likely result in a desired 
effect as other studies have reported that NPs contribute to creation of a thinner, more 
compact filter cake that will reduce filtration. 
 
Figure 13: Typical particle size distribution in a drilling fluid adapted from [32] 
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Dynamic ageing, typically done at temperatures greater than 120 oC, is important to 
conduct as a drilling fluid is being subject to a high temperature over time, where the 
components of the drilling fluid can be degraded, and it may cause a negative effect on 
the drilling fluids performance.  
Figure 14 shows the rheology profile and rheological properties of three samples before 
and after dynamic ageing. The rheology profile shows that three samples exhibited very 
similar shear stress against shear rate before dynamic ageing. However, after dynamic 
aging, the base sample and the sample with 0.2 wt% of silica showed a significant increase 
in the rheology, whereas the sample with aluminium oxide NPs showed an increase in the 
rheology, but it was not as significant as observed for the other samples. 
 
Figure 14: (a) Shear stress against shear rate (b) Rheology properties before and after 
hot rolling at 120 oC and 100 psi for 16 hours, (AV [cp], PV [cp], YP[lbf/100ft2], Gel10s 
[lbf/100ft2], Gel10min[lbf/100ft2]) 
The rheological properties before hot rolling show similar viscosities for all three 
samples, and similar yield points for two samples containing NPs. However, the gel 
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strengths have shown different ranges. Apparent viscosity and yield point increased 
significantly by over 100% and around 200% respectively, after hot rolling for the BP 
and S3P samples, but they only increase by around 50% for the A3P sample (see 
supplementary material for more details on the changes in rheological properties). Plastic 
viscosity was also increased for all the samples, with the A3P sample having the lowest 
increase, and the S3P sample showing the highest value. 10-second gel strength for the 
base and A3P samples, showed a little difference before and after hot rolling, whereas, 
the S3P sample showed a large increase after hot rolling. On the other side, for 10-minute 
gel strength, all the samples showed a decrease in the gel strength after hot rolling, while 
the S3P sample demonstrated the lowest decrease, and remained close to the value that 
was observed before hot rolling. 
We tried to compare our experimental data with other studies. As shown in Figure 15, the 
obtained results for shear stress against shear rate for 0.5 wt% silica NPs at different 
temperatures were compared with Mahmoud et al.’s work [26]. It can be seen from this 
figure, both studies suggested shear thinning trends with different orders of magnitude 
due to different mud compositions. The results show that the magnitude of shear stress 
was decreased with increasing temperature which could be due to thinning effect of 
temperature on viscosity of drilling fluids at higher temperatures. However, Mahmoud et 
al.’s data, showed a slight increase in shear stress at higher temperatures, this might be 
due to evaporation of liquid phase from the drilling fluid samples they used in their 
experiments. This demonstrates that an appropriate drilling fluid composition and design 
is critical to improve the performance of drilling operation. 
 
Figure 15: Comparison of Shear Stress against Shear rate for 0.5 wt% silica at different 
temperatures 
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Also we found that yield point was increased with increasing temperature for drilling 
fluids with silica NPs as shown in Figure 16. This is a consistent trend in both the current 
investigation and the study performed by Mahmoud et al. [26], however, the difference 
in the magnitude of yield pints is due to the composition of drilling fluids used in these 
studies. 
 
Figure 16: Comparison of yield point for drilling fluids with 0.5 wt% silica NPs at 
different temperatures  
Furthermore, Mahmoud et al., 2016, conducted experiments on a bentonite WBF with 
ferric oxide NPs instead of aluminium oxide NPs used in our study, but the same 
nanoparticle diameters of less than 50 nm. They measured the plastic viscosity and yield 
point values of the samples with 0.5 wt% of ferric oxide NPs before and after thermal 
ageing at 177 oC for 16 hours. The plastic viscosity for the sample with ferric oxide NPs 
displayed consistent values across a range of temperatures showing more stability 
compared to their samples with silica NPs. This is comparable to the results obtained in 
our investigation where aluminium oxide samples had much less degradation after ageing 
compared to silica samples, hence showing improved stability through the use of metal 
nanoparticles. Same trends were reported for yield point values as yield point was 
increased significantly with the silica NPs (same observation with the S3P sample in this 
study after ageing). However, the yield point for ferric oxide NPs remained relatively 
similar after and before aging (again similar observation obtained with the A3P sample 
in our study). This suggests the use of metal NPs could improve drilling fluids 
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performance through their enhanced heat conductivity, which can help heat dissipation 
and reduce thermal degradation effects on downhole equipment. 
Figure 17 shows the HPHT filtrate volume before and after dynamic ageing, and the 
percentage rise between them. The A3P sample showed the best performance with around 
20% increase compared to the S3P sample which produced a poor performance with 
filtration increasing by over 75%, higher than the base sample at just less than 60%. 
 
Figure 17: (a) HPHT filtration before and after hot rolling (b) percentage rise in filtration 
after hot rolling 
 
The mud filtration results of this study were compared with data reported by Mahmoud 
et al. [26]. Their results were recorded at 300 psi, 120 oC, that are fairly similar to our 
work at 500 psi, 120 oC as shown in Figure 18. Both studies showed that the mud filtration 
at concentrations around 1wt% was increased, which is probably due to silica NPs 
agglomeration observed in our experiment making the filtration properties worse. 
 
Figure 18: Comparison of mud filtrate for different silica NPs concentrations 
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Figure  shows images of the filter cakes produced after HPHT filtration for the samples 
have been dynamically aged. The images showed no noticeable difference in the filter 
cakes of three samples. However, SEM analysis is recommended for further microscopic 
studies. 
 
Figure 19: Surface images of filter cakes produced after the HPHT filtration (a) BP (b) 
S3P (c) A3P. 
In summary, the samples with NPs produced dissatisfactory results at NPNT conditions 
as they showed little or negative effects on the fluid properties, with filtration increasing 
and significantly lower rheology. This is likely due to fact that the samples were being 
left statically for aging purposes at ambient temperature with no pressure, therefore the 
NPs were allowed to agglomerate. The filter paper has particle size retention range of 
0.002-0.005 mm, therefore the NPs likely penetrated through the paper. Furthermore, 
images showed that the filtrate had similar milky colour for both types of WBF with NPs. 
However, further microscopic investigation of mud filtrate is required in order to 
determine if this is the case. 
The HPHT tests showed that increasing the concentration of NPs decreased the 
degradation effect, with only the base samples and the samples with low concentrations 
breaking down completely at 80 oC. The HPHT filtration test, like the NPNT one, showed 
an increase in filtrate volume with increasing the concentration of aluminium oxide NPs, 
but there was a decrease in filtrate volume with addition of silica NPs except at 1.0 wt% 
where it produced a significant increase. Again, this is likely due to agglomeration of the 
silica NPs, so that they act like larger particles and may not perform in a way that is 
expected from NPs to plug the small pores in the filter cake, and they just simply flow 
through the filter cake and filter paper.  
The process of dynamic ageing produced the most realistic results for field applications. 
The sample with 0.2 wt% aluminium oxide NPs, after being dynamically aged showed 
the lowest increase in the rheology profile, and rheological properties (AV, PV, YP, 
BP  S3P A3P (a) (b) (c) 
Gel10s, and Gel10min) were compared with the base sample and the sample with silica 
NPs. The results were consistent with previous research, where the sample with silica 
NPs performed poorly after being aged and the sample with aluminium oxide NPs 
produced nanofluids that showed lower degradations. The HPHT filtration after hot 
rolling showed that the sample with aluminium oxide NPs produced the lowest increase 
in the filtrate volume at just over 20%, whereas the other two samples showed increases 
in the filtrate volume by over 60%. The superior thermal performance of the drilling fluid 
with aluminium oxide NPs at 0.2 wt% is due to being at a low concentration which may 
not agglomerate, and being dynamically aged which prevented agglomeration. The 
aluminium oxide NPs themselves have significantly higher thermal conductivity than the 
silica NPs and hence displayed superior heat dissipation through the fluid with Brownian 
motion. 
A summary of the rheology and filtration properties at NPNT, HPHT and post-dynamic 
ageing for the addition of silica and aluminium oxide NPs is shown in Table 3. This shows 
the biggest difference between the NPs is in their effects on the WBF after being 
dynamically aged, where aluminium oxide NPs out-performed the silica NPs. 
Table 3 Summary of the effects of adding silica and aluminium oxide NPs on rheology 
and filtration properties. 
 Silica NPs Aluminium oxide NPs 
NPNT rheology Decreases steadily Decreases sharply at 0.2 wt% and 
above 
NPNT filtration Increases steadily with greater 
concentration 
Increases steadily with greater 
concentration 
HPHT rheology Less degradation at higher 
concentration 
Less degradation at higher 
concentration 
HPHT filtration General decrease and then 
increases sharply at 1 wt% 
Increases steadily with rising 
concentration 
Post-dynamic ageing 
NPNT rheology 
Large rise in properties 
comparative to base sample 
Relatively lower rise in properties. 
Out-performs silica and base 
sample 
Post-dynamic ageing 
HPHT filtration 
74% increase (base sample 
increased 57%) 
24% increase (base sample 
increased 57%) 
 
 
 
Conclusions and recommendations 
This research aimed at developing an environmentally friendly alternative for oil based 
drilling fluids, a water based drilling fluid with enhanced properties through addition of 
aluminium oxide nanoparticles. This new WBF needs to have similar performance to oil 
based drilling fluids at HPHT conditions. The addition of aluminium oxide nanoparticles 
up to 1wt% was tested, and the results were compared with the samples with silica 
nanoparticles and the base sample with no nanoparticles. The results showed that the 
dispersion of aluminium oxide nanoparticles increased the thermal stability of the fluid, 
considerably more than the base sample and the sample with silica NPs. 
Overall aluminium oxide NPs in low concentrations enhanced the thermal stability of the 
WBF and provided lower degradations compared to the base sample and the samples with 
silica NPs. This was shown from the results of the post-dynamic ageing experiments, 
where the HPHT filtration for the sample with aluminium oxide NPs had lower increase 
in filtrate volume than the base sample, and the sample with silica NPs, and rheology tests 
demonstrated a lower increase in shear stress for the sample with aluminium oxide NPs 
compared to the base sample and the sample with silica NPs. 
This research has touched a minor part of the extensive testing required for any new 
additives hence the following recommendations for further research are proposed: 
1. Testing different fluid formulations including OBF with added NPs to be able to 
evaluate the properties of other nanofluids for drilling operations. Using a more 
complex formulation with more additives which provide a wider particle size 
distribution with the possibility of reducing filtrate volume rather than increasing it. 
2. Investigate a greater range of temperature and pressure conditions. Temperatures 
from 0 oC up to as high as 160 oC and rheology at heightened pressure as it was at 
atmospheric throughout the rheology experiments.  
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